Summary Effects of local skin temperature on sweat gland activity were analyzed quantitatively by measuring changes in the rates of thermal sweating and of drug-induced sweating by local heating. The data indicates that a rise in local temperature causes an accelerated increase in the rate of sweat production, the Q10 being around 2.5 regardless of the basal sweat rate with some individual variations. Local heating apparently facilitates transmitter release at the neuroglandular junction and augments glandular responsiveness, their significances being comparable.
The activity of eccrine sweat glands is controlled largely by centrally-derived sudomotor neural activity, but may be modified by local conditions. It has been shown that the rise in local skin temperature caused accelerated increments in local sweat rate: NADAL et al. (1971) proposed a model describing major influences on local sweat rate, where the effect of local skin temperature was determined to be exponential. The Q10 of sweat gland activity was calculated to be 3 (subject range 2.6-3.5), while the value calculated from the data of BULLARD et al. (1970) ranged between 2 and 5. As for its mechanism, MACINTYRE et al. (1968) maintained that transmitter substance released per neural impulse at the neuroglandular junction is increased by local heating. One of the present authors (OGAWA, 1970) showed that the threshold concentration of an intradermally injected sudorific agent for inducing local sweating is reduced by local heating in a cool environment. It was also demonstrated that local heating caused localized increase in the rate of druginduced sweating on an area under nerve block as well as in a cool environment (OGAWA and BULLARD, 1970) . These observations suggest that the responsiveness of glandular cells to a given amount of transmitter substance is affected by local temperature.
The present study was proposed to reevaluate quantitatively the sweat-facili-
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T. OGAWA and M. ASAYAMA tatory effect of the rise in local temperature and to analyze the relative role of the two putative mechanisms involved: increased release of the transmitter, and augmented glandular responsiveness to the transmitter. The subjects were four healthy male students, aged 20-22, who volunteered for the experiments and were informed of the protocol. The rates of local sweating on bilateral forearm areas were recorded continuously by capacitance hygrometry. A cylindrical acrylate capsule covering a 15 cm2 area of the volar aspect of the forearm was ventilated with dry air at a constant flow rate of 2l/min and the humidity change of the effluent air was sensed by a capacitance hygrometer (Takara-Vaisala, HM-14) and recorded on a pen-writing oscillograph. Sweat rate was calculated by averaging the sweat amount of a 2-3-min period measured by the use of a planimeter on the record.
In Series A with generalized thermal sweating, experiments were carried out on a seminude subject sitting on a stool in a climate chamber controlled at an air temperature of 35-41°C and a relative humidity of 40%. Radiant heat from a 15-W microscope lamp was applied vertically to one of the bilateral test areas through the transparent top-plate of the cylindrical sweat capsule. The temperature of the heated area was monitored continuously by a thermistor which was enchased in the capsule with the tip attached to the skin and sheltered from direct radiation. The heater output was frequently adjusted by the use of a rheostat so that the temperature of the heated area was elevated quickly (in 1-2 min) by approximately 5°C (4.5-5.5°C), and maintained at that level for several minutes. The lamp was then turned off and the heated test area was cooled by wiping the capsule frequently with a piece of alcohol-dampened cotton, and it took 3-12 min for the skin temperature to return to nearly the original level. The magnitude of sweat response was measured by comparing the sweat rates on the heated and the unheated test areas on the record of the last 2-min period of local heating. Local heating was thus repeated several times on one test area alternately with the other.
In Series B, experiments were performed with localized sweating which was induced by intracutaneous injection of 0.1 ml of 10 _ 4-10 -3 pilocarpine on test areas of the bilateral forearms where no spontaneous sweating was present. Some experiments were performed in the absence of thermal sweating with the subject sitting in a cool room of 18-23°C; and the others, in the presence of generalized sweating in the same environmental condition as in Series A but with test areas under nerve block: the medial and lateral antebrachial cutaneous nerves were blocked at a level slightly distal to the elbow by perineural injections of 2% xylocaine with 1:200,000 adrenaline. Experiments with local heating in the same way as in Series A were done while the rate of the drug-induced sweating declined gradually after having reached the plateau. In some experiments, Series A was followed by Series B with nerve block.
Since considerable individual variations were noted in the magnitude of the effect of local heating in the preliminary study, the data were analyzed for each subject on whom experiments were conducted repeatedly. Experiments were carried Figure 1 A shows a part of the record of an experiment where the two series were combined. Local heating of the left forearm test area by 5°C caused a marked localized increase in the rate of thermal sweating (the left half of Fig. 1A) , whereas after the test area had been anesthetized by nerve block, a similar rise in the local temperature caused a smaller but still substantial increase in the rate of the druginduced local sweating (the right half of Fig. 1A ). The increase in local sweating rate with a 5°C rise in local temperature (dS5) was plotted against the basal level of sweat rate (So) for each subject, and a linear regression line was obtained for each series, as shown in Fig. lB for two subjects. Here the regression line for Series A lies far above that for Series B and is steeper in slope than the latter. The relation of dS5 to So can be expressed by the following simple equation: Vol. 36, No. 2, 1986 This formula shows that the Q1o-s is a hyperbolic function of S0. Such variations in the Q10 value of sweat gland activity depending on the initial sweat rate, as reported by BULLARD et al. (1970) , may likely be attributed largely to the use of sweat rate as a parameter. It should be considered that sweat rate, i.e., the rate of discharge of sweat onto the skin surface, is equal not to sweat production rate per se, but to the latter minus reabsorption rate, and skin heating conceivably affects sweat production but not sweat output, as shown diagrammatically in Fig. 1C . The intercept of the X-axis by the extrapolation of the regression line in Fig. 1 C may be taken for the transport maximum of sweat reabsorption, assuming that the process of reabsorption is not affected by the rate of sweat production or local temperature. By shifting the origin to the left as far as the intercept, dS5 is shown to be proportional to the basal rate of sweat production, and the Q10 of sweat production thus recalculated shows a fixed value regardless of the basal sweat rate, averaging 2. (subject range 2.1-2.9) for natural thermal sweating and between 1.6 and 2.1 for drug-induced local sweating (Q10_p and Q10_G, respectively, in Table 1 ).
The Q10 of sweat production in drug-induced sweating is considered to correspond to the Q10 of glandular response to the agonist (Q10-G)' because the local concentration of the intradermally injected pilocarpine reduces slowly and is considered to be nearly constant during several minutes of skin heating. On the other hand, acetylcholine, the transmitter, is hydrolyzed soon after its pulsatile release and its instantaneous concentration corresponds to the rate of its release. It should be noted that vasoactive intestinal polypeptide (VIP) has been demonstrated to be Table   1 . Q10 values for ACh release at the neuroglandular junction (Qlo -N)~ glandular sensitivity to ACh (Q10), and sweat production (Q10).
a co-transmitter of the cholinergic sudomotor neurons (LUNDBERG et al., 1980) . VIP may act to dilate the vasculature around sweat glands, thus facilitating sweat production (and possibly reabsorption as well), and its release may also be affected by local skin temperarture, although we have demonstrated in another series of experiments that the effect of VIP on sweat rate is relatively small (Yamashita et al., unpublished data) . Nevertheless, the rate of sweat production is considered to be determined largely by the rate of release of the transmitter substance at the neuroglandular junction and by the degree of glandular response to the transmitter in series; cutaneous heating may likely affect each of the processes: transmitter release and glandular response. Accordingly, the Q10 of sweat production in natural thermal sweating (Q10_P) is assumed to be the product of Q10 of transmitter release (Q10-N) and Q10_G, namely, Q10-P= Q10-N Q10-G Thus, Q10 -N can be calculated as the quotient of Q10-P/Q10_G. The Q10-N value thus obtained ranged between 1.2 and 1.8 (Table 1) .
The results of the present study indicate that a rise in skin temperature exerts dual local effects on sweat gland activity: it causes not only an increase in the amount of the transmitter released at the neuroglandular junction per neural impulse, but also augments glandular response to the agonist, as has been suggested (OGAWA, 1970; OGAWA and BULLARD, 1970) .
The results also suggest that it is the increase of sweat production and not that of sweat discharge that is directly affected by the rise of skin temperature. It has been demonstrated that the absence of thermal sweating does not always mean the absence of sweat production, since weak sudomotor neural activity may activate secretory cells of the sweat gland to produce sweat (or precursor sweat, more precisely) at such a low rate that it is completely reabsorbed through the duct before reaching the skin surface (OGAWA and BULLARD, 1971, 1972) . It is possible that local skin temperature may also affect the rate of ductal reabsorption, but this effect was considered minimal, if any, and was neglected in the data analysis of the present study. However, the observation that the intercept of the X-axis by the regression line for natural thermal sweating is wider than that for drug-induced local sweating reveals that neural impulses may also facilitate ductal reabsorption, thus increasing the transport maximum. The release of VIP may be a part of this process, as mentioned above.
The relative contributions of increased transmitter release and of augmented glandular response are likely comparable at a rough estimate, although Q10-G value was significantly greater than Q10 -N (p <0.05).
